Tyroserleutide (YSL) is a tripeptide compound that exhibits potent antitumor activity in human tumor xenografts and tumor cell lines. However, the target of YSL on which it exerts its antitumor activity has yet to be identified. Therefore, our study aimed to investigate the subcellular location of YSL in BEL-7402 human hepatocellular carcinoma cells. Using methods of fluorescent tracing and confocal colocalization, we provide evidence that when BEL-7402 cells are treated with YSL, YSL is distributed in the cytoplasm and colocalized with the mitochondria of cancer cells. Furthermore, we observed the effect of YSL on the isolated mitochondria. Using fluorescence spectrophotometry to monitor the Δψ collapse of mitochondria isolated from BEL-7402 cells by reversion of the quenching of tetramethylrhodamine methyl ester (TMRM), we found that the isolated mitochondria reversed the quenching of the fluorescence in the solution containing TMRM and YSL. This indicates that YSL decreases the Δψ of the isolated mitochondria. Another photometry method was used to observe the effect on mitochondrial swelling when YSL acted directly on the isolated mitochondria. We reveal that YSL directly causes mitochondrial swelling in 60 min. In conclusion, this study encloses a preliminary facet of the pharmacological target of YSL, and we speculate that YSL may act directly on the mitochondria to exert its antitumor activity.
Introduction
Tyroserleutide (YSL) is a tripeptide compound extracted from the spleen of pigs. It consists of three natural amino acids, L-tyrosine, L-serine and L-leucine. Its chemical structure is shown in Fig. 1 . YSL has exhibited potent antitumor activities in human tumor xenografts and tumor cell lines (1, 2) . However, the exact mechanism by which YSL exerts its antitumor activity is not yet fully understood. In our previous study, we observed that YSL induced aptosis and necrosis in BEL-7402 human hepatocellular carcinoma cells in vitro and compromised the organelles of the cancer cells by causing mitochondrial swelling, dissolution and endoplasmic reticulum cisternae expansion (3, 4) . These observations prompted us to investigate the subcellular location of YSL at the cellular level, with the aim of identifying the pharmacological target implicated in or responsible for YSL-induced apoptosis.
Due to its crucial role in cell apoptosis, the mitochondria have emerged as a novel pharmacological target for anticancer chemotherapy (5, 6) . A number of anticancer chemotherapeutic drugs that act on mitochondrial targets are under investigation. For example, Bcl-2 ligand HA-14, a small molecule inhibitor of the Bcl-2 family protein, is capable of inducing tumor regression (7) . Another mitochondriotoxic lipophilic cation, F16, has been reported to trigger apoptosis and necrosis of carcinoma cells (8) . This provides a rationale for investigating the possibility of the mitochondria as the antitumor target of YSL.
In this study, we focus on establishing the subcellular location of YSL in hepatocellular carcinoma cells and the effect of YSL on the isolated mitochondria. Based on these data, we aimed to identify the pharmacological target of YSL and to examine the exact mechanism by which YSL exerts its antitumor activity.
Materials and methods
Cell culture. BEL-7402, a human hepatocellular carcinoma epithelial cell line (Chinese Medical Academy of Science, Beijing, China), was grown in RPMI-1640 medium (Gibco Invitrogen Corp., Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone Corp., South Logan, UT, USA), 75 µg/ml penicillin and 100 µg/ml streptomycin at 37˚C, 5% CO 2 .
YSL f luorescent labeling. YSL (Shenzhen Kangzhe Pharmaceutical Co., Ltd., Shenzhen, China) was reacted with [5-(and-6) -carboxytetramethylrhodamine, succinimidyl ester (TAMRASE; Biotium, Hayward, CA, USA)] at 4˚C overnight. The bioconjugate was purified by sephadex G-15 chromatographic column and 20% polyacrylamide gel electrophoresis. Details of the preparation of the fluorescent conjugate are described in our previous study (9) .
Confocal microscopy. Human hepatocellular carcinoma cells (1x10 5 /ml) were grown on the cover glass for 24 h, then treated with 26.2 µM fluorescent labeled YSL for 1 h. After being washed with D-Hank's solution (Sigma-Aldrich Corp., Shanghai, China), the cells were observed under confocal microscopy (Radiance 2000; Bio-Rad Microscience Corp., Hemel Hempstead, Hertfordshire, UK) using a x60 oil objective lens to examine the subcellular location of YSL. A Bioptech FCS2 chamber (Bioptech Corp., Butler, PA, USA) maintained at 37˚C was used to examine live cells grown on glass coverslips. To visualize the subcellular compartments, Hoechst 33258 was used (2 µg/ ml; Invitrogen Corp.) as a nuclei marker and Mitotracker green FM (200 nM; Life Technologies Corp., Grand Island, NY, USA) as a mitochondrial marker. The lasers that excited the fluorescent analogue of YSL, nuclei marker and mitochondrial marker were blue diode 405 nm, Aron 488 nm and Green HeNe 543 nm, respectively, and the fluorescent signal was collected using the appropriate filters.
Isolation of cell mitochondria. The BEL-7402 human hepatocellular carcinoma cells (2x10 7 ) were washed three times with PBS (Sigma-Aldrich Corp.) and centrifuged at 2,500 rpm for 10 min. The supernatant was discarded and the cell pellets were collected for mitochondrial isolation. The mitochondria were isolated using a Mitochondria Isolation kit for Cultured Cells (Pierce Biotechnology, Rockford, IL, USA). The protein concentration of the mitochondria was determined with BCA protein assay reagent (Pierce Biotechnology). The isolated mitochondria were then added to the buffer, which contained 70 mM sucrose, 230 mM mannitol (Kemiou Chemical Reagent Corp., Tianjin, China), 3 mM HEPES (Sigma-Aldrich Corp.), 2 mM Tris-phosphate (Kemiou Chemical Reagent Corp.), 5 mM succinate (Kemiou Chemical Reagent Corp.) and 1 µM rotenone (Sigma-Aldrich Corp.).
Mitochondrial potential for isolated mitochondria (10) . The mitochondrial potential of isolated mitochondria of BEL-7402 cells was qualitatively assessed using tetramethylrhodamine methyl ester (TMRM; Sigma-Aldrich Corp.) fluorescence intensity. TMRM, a lipophilic cation, accumulates selectively in the mitochondria according to the mitochondrial membrane potential (Δψm) (11) . The high TMRM concentration will quench the mitochondria fluorescence, When mitochondria depolarize, TMRM will be released into the cytosol, and the fluorescence signal increases (12) . Mitochondria (0.35 mg/ml) were added to medium containing TMRM (1.0 µM) and 100 µM YSL, and the potential was assessed by reversion of quenching of the fluorescence intensity (excitation/emission 550/575 nm) using a fluorescent spectrophotometer (F-4500; Hitachi Corp., Japan).
Mitochondrial swelling for isolated mitochondria (13) . Mitochondria (0.5 mg/ml) were incubated with 100 µM YSL at 37˚C for 1 h. The absorbance at 540 nm was recorded using a spectrophotometer (F-4500; Shimadzu Corp., Kyoto, Japan) every 10 min. Mitochondrial swelling was measured by decrease in absorbance at 540 nm.
Results
YSL localizes to mitochondria in BEL-7402 hepatocellular carcinoma cells. First, the YSL fluorescent analogue was used to determine the subcellular distribution of YSL in BEL-7402 hepatocellular carcinoma cells. As shown in Fig. 2 , YSL primarily located in the cytoplasm was enriched in a definite area. To determine the subcellular compartment in which YSL accumulated, the cells were stained with nuclear and mitochondrial dye. As shown in Fig. 3 , YSL was not observed in the nucleus, as demonstrated by a lack of colocalization with cell-permeant DNA stain Hoechst 33258. However, YSL had a high degree of colocalization with mitotracker green FM, a specific mitochondrial probe, indicating that YSL mainly accumulated at the mitochondria of the BEL-7402 cells.
YSL decreases the isolated mitochondrial potential of BEL-7402 cells. Although we found that YSL damages the mitochondria of cancer cells, there is no direct evidence that YSL directly affects the isolated mitochondria. To demonstrate the effect of YSL on isolated mitochondrial potential, we treated the isolated mitochondria with a TMRM mitochondrial potential-sensitive probe to observe the reversion of the fluorescent signal quenching, which represented the decrease in mitochondrial potential. The results indicate that YSL decreases the potential of the isolated mitochondria. When the mitochondria were added to the TMRM solution, the fluorescent signal was quenched. The fluorescence intensity was decreased from 805 to 780. The fluorescence intensity then rose again and continued to rise. When the mitochondria were added to the TMRM solution for 600 sec, the fluorescence intensity rose to 800; i.e., 95% of the original intensity (Fig. 4) . These data indicate that the effect of YSL on isolated mitochondria is indicated by the loss of mitochondrial membrane potential, which in this study appears as an increase in TMRM fluorescence intensity.
YSL causes swelling of the isolated mitochondria of BEL-7402 cells. Decrease in the Δψm is reminiscent of the opening of the mitochondrial permeability transition (MPT) pore, a key phenomenon in cell death by apoptosis and necrosis. The extensive and prolonged opening of the pore responsible of MPT causes the dissipation of the Δψm as well as swelling of the mitochondrial matrix (14) . Since YSL induces the disruption of Δψm, we investigated whether YSL provoked Δψm changes dependent on MPT pore opening. The early involvement of the MPT pore opening in YSL may have direct effects on isolated mitochondria. Since the mitochondrial size can be monitored by the changing of the absorbance at 540 nm, we applied spectrophotometry to analyze the mitochondrial size on isolated mitochondria purified from BEL-7402 cancer cells. The results indicated that YSL causes the isolated mitochondria of BEL-7402 cells swelling. After 100 µM YSL was incubated with isolated mitochondria for 5 min, the absorbance at 540 nm was decreased from 1.301 to 1.186. As the incubation time reached 60 min, the absorbance decreased to 1.091, which indicates that the mitochondria size increased and began to swell (Fig. 5 ).
Discussion
This study examined a novel facet of the subcellular distribution of the tripeptide YSL, which possesses a marked antitumor effect. In our previous study, we observed that YSL acted as a potent inducer of apoptosis to kill the BEL-7402 hepatocellular carcinoma cells. However, the exact target of the antitumor effect of YSL has yet to be elucidated. YSL belongs to a family of antitumor polypeptides. Due to their marked antitumor effect and lower toxicity, polypeptides with antitumor effects have attracted the attention of investigators studying tumor therapy (15, 16) . Although the chemical composition of these peptides is similar, their pharmaceutical targets are quite different. Several peptides react with the receptor, which is located at the cell membrane, to stimulate the downstream pathway to kill the cells (17, 18) . Certain drugs act directly on the intracellular organelles to produce an antitumor effect (19, 20) . Therefore, variations in the subcellular distribution of the antitumor polypeptide drug in the target cells will determine the various targets of particular antitumor drugs. Thus, we were prompted to investigate the subcellular distribution of YSL to further investigate the target of the antitumor effect.
In our study, we synthesised a fluorescent analogue of YSL using a fluorescence stain [5-(and -6)-carboxy tetramethyl- rhodamine, succinimidyl ester] to trace YSL in BEL-7402 human hepatocellular carcinoma cells (9) . The results revealed that YSL was primarily located at the cytoplasm, whereas the YSL distribution was absent from the cell membrane. These findings indicate that the target of YSL may not be at the membrane of the cells, but in the cancer cells. Since YSL, which consists of tyrosine, serine and leucine, is a water-soluble peptide, it may be passively transported into the tumor cells.
To continue tracing YSL when it enters the tumor cells, we set up a colocalization method. The fluorescent analogue of YSL integrated with other two organelles: A fluorescent probe was used to discover the exact location of YSL in cancer cells under laser scanning confocal microscopy. From the extent of the merging of the YSL fluorescence with the cell organelles, we speculated on the kind of organelle at which YSL was located.
Mounting evidence has revealed that YSL induces the apoptosis of cancer cells affecting various cellular components, including mitochondria, endoplasmic reticulum, histone, protein kinases and phosphates (1) (2) (3) (4) . Our study identifies the mitochondria as a new pro-apoptotic target of YSL. In the investigation of the location of YSL at the mitochondria, we found that YSL colocalizes with the mitochondria. Indeed, according to our findings, YSL is likely to induce the apoptosis of cancer cells by directly targeting the mitochondria.
As mentioned in the Introduction, the mitochondrion has become a new pharmaceutical target in tumor therapy. Since mitochondria play a significant role in cell apoptosis, drugs that compromise the structure or function of mitochondria will provide opportunities to kill cancer cells if they can be specifically delivered to the tumor site (21, 22) . In our previous study on YSL-induced cancer cell apoptosis, we found that YSL can cause mitochondrial dysfunction (data not shown). Despite the significance of the mitochondria for the induction of YSL-mediated apoptosis, the results did not explain the mechanism by which YSL activated the mitochondrial pathway. Therefore, we tested this hypothesis on isolated mitochondria. In this study, we found that when YSL acted on isolated mitochondria, it collapsed the Δψ and caused mitochondrial swelling. The dissipation of the Δψ as well as swelling of the mitochondrial matrix were the results of the extensive and prolonged opening of the pore responsible for MPT (23) . Therefore, we speculate that the anticancer effect of YSL may involve the opening of the MPT. Further research should be conducted to verify this conclusion.
On theoretical grounds, an agent that directly targets the mitochondria acts on more downstream levels of apoptosis control and may be advantageous for treating cancers, in which such signal transducing systems are interrupted. Therefore, the identification of YSL and its analogue, which directly affects mitochondria, is of substantial clinical interest.
At present, a number of observations have indicated that the antitumor effects of polypeptides involve multiple pathways and multiple targets (24) . This study is limited to the subcellular location and the correlation between the direct effect of mitochondria and the antitumor effect of YSL. We will investigate the anticancer mechanism of YSL to clarify the real target of YSL.
In conclusion, we have demonstrated that mitochondria may be the subcellular location of YSL, and YSL directly causes the dissipation of the Δψ as well as mitochondrial swelling. These preliminary findings will contribute to further investigation of the real target of YSL and be beneficial in clinical cancer treatment and the development of the other relevant new drugs.
